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Note 1. Carrier dynamics in MoSe:
The carrier dynamics of MoSe; was evaluated by multiple exponential fitting,
i=14; exp(=t/7y),

where A; represents the amplitude of the exponential component, and t; denotes its corresponding
decay time.

AA (t) =

Monolayer MoSe: exhibits three distinct decay components both above and below the CM threshold,
measured under a consistent photon density of 1.3x10'? photons/cm? (see Figure S5a and Table S1).
These components correspond to: exciton formation time from electron-hole pairs (Tfast)l‘S, defect

capturing (T g, fect)ﬁ, exciton recombination process (Toxciton)’-

The exciton formation time, which is associated with longitudinal optical phonon emission from hot
electrons or free carrier states® > ", remains similar across both excitation energies. However, the
amplitude of exciton formation above the CM threshold is approximately twice that observed below
the threshold, attributed to the generation of twice as many free carriers through CM.

The subsequent decay component, defect trapping, demonstrates consistent amplitudes and timescales
across both excitation conditions. This consistency suggests that the number of excitation photons
significantly exceeds the defect density?, saturating the available trapping sites. While the timescales
of the slowest decay component (T.yciton) Témain comparable regardless of excitation energy, its
amplitude is approximately twice as large above the CM threshold, indicating the generation of twice
as many excitons in this regime.

The temporal evolution of CM in monolayer MoSe> was analyzed in Figure S5b. The CM factor
indicates that the normalizing parameter from below threshold excitation (1.46E¢) to above threshold
excitation (2.30E;) with identical incident photon density (1.3x10'? photons/cm?). The CM factor
initially reaches 2 under 2.30E excitation, however, gradually decreases to 1 owing to twice amplitude
of fast recombination (Asqs¢) and exciton relaxation (Axciton) OVer time delay.

Afast(107) Trast 09 | Adefect(107?) | Tacrece @9 | Acxciton(10%) | Texciton (93
2.30E, 7044208 | 033+0.12 | 421+1.80 6.02+5.7 7.40+ 1.31 144.8 62
2.06E, 7.57+1.83 0.32 % 0.05 3.15+2.13 6.36+ 4.0 7.37+1.20 189.7+ 78
1.94E, 3.64+1.50 | 0.29+0.13 3.91+1.28 8.50+5.5 3.84+ 1.63 144.8 + 62
1.46E, 3.30+ 1.33 0.31%0.12 3.1542.67 570+3.8 3.76 +0.79 173.6 + 40

Table S1. Carrier decay parameters of monolayer under 1.3x10'? photons/cm? excitation.




Note 2. Evidence of carrier multiplication

When carrier multiplication (CM) occurs, the excess energy above bandgap excites additional

electron-hole pairs. This process manifests through three distinctive fingerprints:
(1) Increase of the maximum |AA(E)|max

The number of excited carriers is linearly proportional to |AA(E)|max- As depicted in Figure 1b and
1c, the two-fold increase in |AA(E)|,.x above CM threshold energy (2.30E,) indicates a

corresponding two-fold increase of excited carriers.
(2) Transient Stark shift

CM occurring within a few picoseconds, leads to a transient local electric field enhancement,
resulting in a transient Stark shift. This phenomenon causes linewidth broadening and redshift at early
time delays as observed in Figure S6. The increased number of carriers arising from CM rapidly
undergo Auger recombination, causing the spectral shift to disappear and return to the state without

CM. The temporal evolution of the transient Stark shift is shown in Figure S7.
(3) Delayed build-up dynamics

Without CM, the excess energy rapidly thermalizes to band-edge states, leading to prompt build-up
dynamics. However, when the photon energy exceeds the CM threshold energy, the build-up time is
delayed owing to the additional energy relaxation process (red arrow in Figure 1b). Notably, the
threshold energy of CM in monolayer MoSe: is exactly twice the bandgap, such that the delayed build-
up is observed at >2F, excitation (Figure 1b and S8 for monolayer and Figure S11 for bulk).

These three distinct features serve as clear validation of CM.



Note 3. Evaluation of quantum yield

CM efficiency is evaluated through carrier generation rate per photon. Using transient absorption
spectroscopy, we monitored the carrier population based on the spatio-temporally resolved AA signal.
The absorbed photon density (APD) is calculated by pump fluence, absorption (Figure S3 for

monolayer and Figure S10 for bulk MoSe;), and beam area:

Power(J)xAbsorptionxe

APD =

Area(cm?)xEnergy (eV)’

where e is electric charge to convert Joules to electron volts. We used a 75-um pinhole to calculate the
beam area from the post-to-pre-pinhole power ratio. Detailed APD calculations are shown in Tables
S2 and S3. The MoSe, sample was excited with a sufficiently low photon density (10''-10'* photons
/cm?) that nonlinear effects, including many-body effects, were negligible (Fig. 1c, Figures S9 and
S12). Based on the maximum AAmax intensity for the A exciton as a function of absorbed photon
density at various pump energies, we were able to obtain the linear slope by linear fitting (Figure 1c
for monolayer and Figure S12 for bulk). This linear slope implies the rate of carrier generation per
photon. The slopes were identical at excitation < 2E,, whereas the slopes became steeper at pump
energies > 2F,. Below 2E,, CM does not occur, and the average slope corresponds to a quantum yield
(QY) of 1, equivalent to one photon generating one electron-hole pair. Twice that slope is QY = 2,
wherein one photon creates two electron-hole pairs. Each slope was normalized by the QY = 1, and
the results are presented in Figure 1d as a function of excitation energy normalized by the bandgap
(Eq). The same evaluation method was applied to analyze the results for bulk MoSe:, as illustrated in

Figure 1d and Figure S12.



Note 4. Quantification of CM efficiency

We quantified CM efficiency based on the competition between relaxation and CM. This model is

described in detail in Beard et a/'®. CM QY can be depicted as:

n o
QY = z] Keool H{=0 kélM )
7 T Ckcoor + Koy

where k.,,; is the cooling rate, k., is the carrier multiplication rate, and m is rounding down to the
nearest integral product of the photon energy over the bandgap. Thus, m = [hv / Eg] and k2, = 1.

The competition between k.,,; and kcp, is expressed as:

hv — hvth)s

key = kcoolp( hVer,

Where P is the competition factor between k. and k.,,;, and the exponent s is set to 2 due to
Keldysh treatment!'® ''. Finally, CM efficiency (1¢,) can be defined as:

P
= % 100%.
Mem = p 17 %

Using QY, we calculate the ratio Rem = (Nem — Mo)/No x 100%. Nem (No) 1s the number of carriers
generated in the energy range from 2E, to 3E,; with (without) CM, respectively. As such, we get Ncm
(No) by integrating QY for a corresponding 7.y, (for 1. =0).



Note 5. Details regarding CM calculations

In this subsection, we explain the details of the CM calculations used in this study, as depicted in
Figure S14. We describe the situation where an excited first electron in the initial I; state in the
conduction band jumps to final state F; in the same or another conduction band while transferring its
energy and momentum to a second electron in the initial I, state in the valence band, such that the
second carrier jumps to final state F,, satisfying energy-momentum conservation. We describe the CM
probability u(hw,I;) as:

occ unocc

p(h, 1) = )" " f dky, 8k = By (i) + En(ki) 50 F) - (D

m ‘l’lpl
unocc occ
§ULF) = > [ die, dkp,8(Bn,, + By, = By, = Eng J00er, + ki, — b, kg, (2)
ng, mp,

Here, m is the band index for the occupied bands, k, (n, and m,) is the lattice momentum (band

indices) of the a state (a = I,1,,F; and F,). The delta function §(hw — Enzl(kh) + Em(kll))

in Eq. (1) imposes energy conservation during the optical excitation process for a given photon energy
hw, while the two delta functions in Eq. (2) impose energy-momentum conservation during the CM

transitions I; = F; and I, —= F,.

To model the experimental conditions, in which a pump laser with a finite full width at half

maximum (FWHM) is used, 6(hw — E, Iy (k11) + Em(kll)) was approximated by the Gaussian

function. The FWHM of the Gaussian function was set at 79.49 and 50.61 meV for the monolayer and
bulk cases, respectively, following the accuracy of the pump laser used for the corresponding CM
experiments. Direct calculation of the triple integrations over the whole momentum space—one in Eq.
(1) and two in Eq. (2)—is highly resource-intensive. We thus proposed an alternative approach, which

generalizes the scheme introduced by Bang and Kang'? into higher dimensions.

Computational Methods for the CM efficiency density N(11)

To efficiently evaluate the multiple integrals over momentum space, we extended Bang-Kang’s
approach'? as follows. First, for a given first carrier’s initial state (I,), we searched for the final state
(F1) by sweeping over the entirety of the unoccupied bands (2nd and 3rd bands, in this specific
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> Eg or |E2F1 _Ell

> E

example) on a momentum grid within the energy window |E3 r, — En g»

as depicted in Figure S15a. Here, E; is the energy of I state, Esp, and Ej, are the respective
energies of the F; states in the 2nd and 3rd bands, and E, is the global energy gap. We note that

when hw ~ 2E;, the energy difference between I; and F; should be comparable to Ej (|E3F1 -

~E

g in our specific example) to fulfil the energy conservation imposed by

EL| ~ Egor |E;,, — E,

the 2E; optical excitation described by &(hw — En,, (k11) +E, (k,l)) (Figure S15a). Once we
had obtained the list of F; states with energy and momentum differences Az (I;, F;) = E3(2)F1 —
E;, Ax(l1, F1) = kg, — k;, , we shifted the valence bands by —Ag(ly,F;) and —Ay(Iy,F;) in
energy-momentum space (Figure S15b). [, and F, can be efficiently and simultaneously determined
by counting the density of crossing states between the shifted valence and the conduction bands. This
scheme is pivotal to avoid the double momentum integration, [ [ dk,dkg,, thereby greatly reducing
the computational cost. Note that counting the crossing points can be done much more efficiently by
first subtracting the shifted valence band energy from the conduction band energy on the momentum
grid and obtaining the density of states (DOS) from the subtracted energies. One can then figure out
the existence of the crossing point by simply summing the DOS at the zero energy over the conduction
bands on the momentum grid. These results require proper normalization by dividing by the square of
the number of sampled k-points. Figure S15¢ shows example crossing points and corresponding
excited carriers at F; and F,. The crossings occur when the energy difference (indicated by the green

double arrows) is zero for a given momentum, as marked by the red circles.

Details of CM calculations for monolayer MoSe:

CM efficiency was calculated from the 20%20x1 uniform k-grid in the first Brillouin zone (BZ) of
monolayer MoSe; (Figure S16d). We considered optical excitation by hw = 2E; ~ 3.08 eV. The
FWHM of 79.5 meV was incorporated into our calculations by introducing the Gaussian function.
The color gradient in Figure S16b. highlights the band crossings obtained by summing the Gaussian
functions from different valence bands. Due to energy conservation, it was safe to search for qualified

F, states within the energy window —1.3 E; < EnF1 — E;, < —=091E, for this monolayer case. To

obtain the zero-energy DOS, which corresponds to the count of the band crossings, from a discretized

k-point sampling, we used a Gaussian broadening of 100 meV for the energy difference between the
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pristine conduction and the shifted valence bands. The normalized CM efficiency was then linearly
interpolated along the high-symmetry lines I' = M — K — I'. The CM efficiency is localized at the K

and K’ points. Thus, our calculations support that CM can occur near K and K’.

Details of CM calculations for bulk MoSe:

CM efficiency was calculated from the 20x20x4 uniform k-grid in the first BZ of bulk MoSe: (Figure
S17d). Optical excitation by hAw = 2E; ~ 2.38 ¢V was considered, and Gaussian functions with
FWHM of 50.6 meV were used. We used the lower FWHM in the bulk calculations due to the
experimental conditions, in which the lower indirect band gap of bulk MoSe; requires a lower-
frequency laser, accompanied by lower FWHM. The Gaussian functions at a given conduction band
point were summed over the valence bands highlighted by the color gradient in Figure S17b. We
searched qualified F; states within the energy window —1.68E, < EnF1 — E;, <—-0.84E, for this

bulk case. To obtain the zero-energy DOS from a discretized k-point sampling, we used a Gaussian
broadening of 100 meV for the energy difference between the conduction bands and the shifted valence
bands. The normalized CM efficiency was then linearly interpolated along the high-symmetry lines
[[—M—-K-T—-A—L—H—A. These calculations yielded a CM efficiency that was nearly zero
over the whole BZ. Thus, our calculations indicate that the CM efficiency of bulk MoSe; is negligible

for the tested 2E, optical excitation.



Note 6. Absence of 2Eg CM channels from hot hole carriers in monolayer MoSe:

In this section, we demonstrate that 2E, carrier multiplication (CM) channels are absent for hole
carriers in monolayer MoSe;. The analysis focuses on the ideal CM case at an optical frequency of
2FE,, where E; is the direct band gap. The corresponding figure (Figure S18) shows 2FE, optical
excitation in the valence bands near the Fermi level, with pristine band structures depicted in black
and energy-shifted valence bands in red. The intersections of these shifted bands with the
conduction bands, representing potential 2E; excitation channels, are marked in red.

Representative holes and electrons are shown as blue and orange circles, respectively.

For a valence band hole to contribute to CM, it must relax to a higher energy state.
However, this process is restricted by Pauli blocking: holes created within a gray-
shaded ’forbidden zone’ cannot contribute to CM because no unoccupied states exist above
them by more than Eq. As shown in the figure, all potential 2E4 excitation channels fall within
this forbidden zone, indicating that no viable excitations are possible.

Thus, for hole-based CM channels to exist at 2Eg, there must be Bloch states at the boundary
of the Pauli-blocked region, which requires 2E4 band nesting. Since 2E4 band nesting does not
occur in the valence band, we conclude that there are no 2Eq CM channels originating from

holes in monolayer MoSe..



Note 7. Spatiotemporal carrier dynamics

We analyzed the spatial carrier distribution AA(X, t) via multiple pump location measurements
relative to the probe center (Figure S19a). The pump-probe distance (d) was controlled by moving the
pump position in one direction, across a range of -3 um to 3 um. The relative distance between the
pump and probe was tracked by a CCD camera. The carrier distribution for the distance at a certain

time was fitted by the Gaussian function as follows:

AA (x,8) ~ N(x,t) = N(O, ) * exp [ EZ2, (1)

2x02(t)

where N is the carrier population represented by AA, x is the distance between the pump and probe,
and o is the Gaussian width (Figure S19c¢). Spatial broadening over time can be described as a

function of the relationship between the Gaussian width and the diffusion coefficient (D):

__Ac?(t) _ o%(t)-0%(0)
24t 24t (2)

Owing to the linear relation between D and Ac?(t), D was obtained by linear fitting in Figure 4b

and Figure S20. The diffusion length (L) was calculated by

L = \/o2(t) — 52(0). (3)
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Note 8. Carrier diffusion in MoSe;

The initial fast carrier diffusion coefficients in monolayer and bulk MoSe; are 1.0 x 10* and 0.3 x 10*
cm?/s, respectively (Figure 3b). This rapid carrier diffusion contributes to fast hot carrier expansion.
After photoexcitation, the carrier temperature reaches thousands of degrees Kelvin due to lower heat
capacity of the electrons, and hot carriers expand rapidly with their excess energy converting to high
kinetic energy. After this expansion, negative diffusion occurs from 1-10 ps because of the temperature
mismatch between the diffusion of hot carriers and excitons, as seen in previous results® !* (Figure
S20). During this contraction, carrier—phonon coupling induces thermalization of the hot carriers. They
rapidly cool down to band-edge states, losing their kinetic energy and forming excitons. However,
carrier—phonon coupling leads to lattice heating within 10 ps, resulting in the recovery of diffusion.
The exciton diffusion coefficient is 10.4 cm?/s (Figure S20), almost identical to the reported diffusion
coefficient (12 £ 3 cm?/s) for the MoSe> monolayer'*. In contrast, the Gaussian width does not increase
in bulk MoSe; after expansion. The many-body effects are negligible in our findings; hence, one
possible explanation is that the defect states can restrict exciton diffusion, causing it to gradually reach
a steady state over time. This is supported by the carrier dynamics of bulk MoSe,, where recombination
mainly occurs within 10 ps and residual or trap-captured excitons survive for up to 1 ns (Figure S11).

A similar phenomenon has been observed in perovskite!> and bulk MoTe>!®.
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Note 9. Ballistic transport in MoSe:

As described in main manuscript, the ballistic transport was evaluated using power function,
Ac?(t) = DtP, where the f is transport exponent that characterizes the nature of carrier transport.

The fitting procedure is detailed as follows:

0, t<o0

ASWD*(x) = {Dtﬁ t>0

The transport exponent [ is initially close to 2 for time scales below 0.7 ps, indicating that carrier
spreads via ballistic manner. However, 8 decreases significantly to around 1 as the time increases,
which is characteristic of a general diffusion process. (Figure S21)
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Note 10. Scalability and stability considerations for practical application

The exceptional carrier multiplication (CM) efficiency of monolayer MoSe», achieving a quantum
yield of 2.0 at 2E, (Figure 1d), holds significant promise for photovoltaic applications'”- ¥, However,
practical implementation requires addressing scalability and stability challenges inherent to 2D
materials. For instance, scalable synthesis of uniform, high-quality monolayer MoSe> remains a critical
hurdle, as conventional chemical vapor deposition (CVD) processes can introduce grain boundaries
and substrate-induced strain during growth or transfer, which degrade optoelectronic performance.
Recent advances in wafer-scale growth!®: ?* offer promising pathways for scalable synthesis. In

21-24

addition, hybrid in-situ growth architectures may reduce transfer-related damage and enhance

interfacial charge extraction. Long-term stability concerns, including environmental degradation, can
be mitigated through advanced encapsulation strategies using hexagonal boron nitride (hBN)? 26,
which have demonstrated enhanced stability. Post-growth treatments like pulsed laser-assisted

sulfurization?? or hydrogen plasma passivation?’ could be employed to suppress defect states.

Despite these challenges, the unparalleled CM efficiency achieved in CVD-grown MoSe, under
ambient conditions expands the potential for wafer-scale, stable, high-performance optoelectronics.
Continued advancements in synthesis, encapsulation, and integration strategies are expected to bridge
the gap between laboratory-scale performance and commercial photovoltaic applications, paving the

way for next-generation energy-harvesting, quantum optoelectronic, and photonic technologies.

One additional consideration is the behavior of intermediate-layer MoSe,. While our study focuses on
monolayer and bulk MoSe», intermediate (few-layer) systems offer further insight into the role of CM
in 2D layered system. Intermediate layers are expected to exhibit a gradual transition in electronic
properties, with reduced quantum confinement compared to the monolayer. The recent work on 2D
layered black phosphorus revealed a continuous reduction in CM efficiency as the number of layers
increases (from 2L to 4L)%, suggesting a similar trend expected in MoSe,. Moreover, studies have
reported that the transition from a direct to an indirect bandgap in MoSe, emerges as early as the
bilayer® or trilayer’®, where the emergence of an indirect bandgap suppresses CM by introducing
momentum mismatches that limit energy-conserving pathways. These findings further emphasize the

superiority of the monolayer form for achieving ideal CM efficiency.
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Figure S1. Carrier multiplication. Quantum yield as a function of photon energy normalized by the
bandgap energy (hv/E,) for various carrier multiplication (CM) efficiencies (#cum). The step-like
increase in QY at hv = 2E, represents the maximum limit of CM, while lower efficiencies result in
gradual increases. The shaded region indicates the range used for integrating the number of generated
carriers. (b) Correlation between CM efficiency and the integrated number of carriers generated from
(a) within the range 2Eg < hv < 3Eg. Insets illustrate the CM process: at lower efficiency, energy loss
channel dominate, reducing carrier generation. At higher efficiency, energy is efficiently utilized to
generate multiple carriers through CM. It is worth noting that while CM efficiencies of 95% and 99%
are close to the ideal CM, the generated carrier densities are 58% and 29% fewer than those of the
ideal, respectively. This discrepancy becomes more pronounced over extending range of photon

energies.
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Figure S2. Sample characterization. (a) Atomic force microscopy (AFM) image (top) and height
profile (bottom) of our MoSe, monolayer. We determined that the thickness of the MoSe, sample was
1 nm, which is close to typical thickness of a transition metal dichalcogenide (TMD) monolayer>'. (b)
Raman spectrum of the MoSe> monolayer. The spectrum was fitted using a Lorentzian function,
showing peak position and vibration mode. The peak positions are identical to those of a MoSe>

monolayer?2.
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Figure S3. Absorption and photoluminescence spectra of monolayer MoSez. The absorption
spectrum of the monolayer is shown in black, with distinct exciton peaks labeled as A, B, and C

excitons. The red curve represents the photoluminescence (PL) spectrum, corresponding to the A

exciton peak..
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Figure S4. Transient absorption map of monolayer MoSe;. Transient absorption spectroscopy using
pump energies of 1.46E, (2.25 eV, a) and 2.30E, (3.54 €V, b) with the same photon density (1.5 x
10'2 cm). After excitation, the monolayer exhibits three photobleaching signals (i.e., the A, B, and C
excitons), as observed at the absorption spectrum (Figure S3). Despite experiencing the same photon

density, the intensity of AA (i.e., the excited carrier density) is higher at 2.30E, than 1.46E, owing
to CM.
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Figure S5. Carrier dynamics of MoSe:. (a) Carrier dynamics of monolayer MoSe; under above CM
(2.30E,, 2.06E,) and below CM threshold energy (1.94F,, 1.46E,) excitations. The transient absorption
signal (AA) is plotted as a function of time delay, showing two-fold increase in amplitude owing to
CM. (b) The temporal evolution of Carrier multiplication factor. The factor is obtained by normalizing
the 2.30F; excitation (red squares, Figure S5a) to the 1.46FE, reference (gray circles, Figure S5a),

which is set to factor of 1.
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Figure S6. Transient absorption spectrum of monolayer MoSe». Transient absorption spectra were
obtained by fixing the time delays to (a) 1 ps and (b) 50 ps with same photon density (1 x 10'2 cm™).
There are two obvious signatures of carrier multiplication. First, the carrier population at 2.30E,
excitation is twice as high as that at 1.34E,. Second, two PB peaks at 2.30E; are red-shifted at 1 ps
(red arrows) due to Stark shift, compared to those at 1.34E,. The validation of CM is explained in

detail in Note 2 in Supporting information.
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Figure S7. Transient absorption spectrum shift and broadening. We investigated transient spectra
at 0.5, 2, 10, 50, and 100 ps with pump energies of 1.34E,(a) and 2.30E,(b). The time evolution of the
spectra was fitted to a Gaussian function, and the center wavelengths and linewidth are plotted in (c).
The temporally longer shift and broadening at 2.30 E; were induced by local electric field

enhancement owing to CM.
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Figure S8. Carrier dynamics at the A exciton with different excitation energies. The carrier
dynamics were investigated to evaluate CM with photon energies (a) above or (b) below 2E; at the A

exciton state. Considering that AA represents photoexcited carrier density, AA intensities are equal
under the same photon density conditions. However, above 2E, the intensity is observed to be twice

that compared to below 2E, owing to CM. Moreover, the rising dynamics above 2E; are slower (red

arrow) than those observed at excitation < 2E,, providing evidence of the CM.
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Figure S9. Normalized carrier dynamics at the A exciton. The AA dynamics were normalized with

different photon density and pump energies at the A exciton state. The normalized AA dynamics were

equal, even though the fluence increased. Moreover, the maximum AA intensity was linear as a

function of photon density (Figure 1c). This indicates that our investigation of CM was performed in

a linear regime where non-linear effects are negligible.

22



0.6

04

Absorbance

0.2
E,/~1.19 eV

(a,hv)1/2, Indirect

12 14 16
Energy (eV)

OO L 1 L 1 1 1 " ] 1
1.5 2.0 2.5 3.0 3.5

Energy (eV)
Figure S10. Optical characterization of bulk MoSe:. Steady-state absorption of 30-nm bulk MoSe,

including multiple peaks for the A, B, and C excitons. The inset shows a Tauc plot to determine the

optical bandgap of bulk MoSe,, revealing an indirect bandgap of 1.19 eV3%33,
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Figure S11. Transient absorption of bulk MoSe;. Transient absorption kinetics with excitation at

2.97E,; (red) and 1.73E, (blue). The absorbed photon density was fixed at 1 x 10'* photons/cm™.
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Figure S12. CM evaluation in bulk MoSe;. The CM evaluation of bulk was performed in the same

procedure as the monolayer in Figure 1c.
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Figure S13. Reproducibility of carrier multiplication in monolayer MoSe:. (a, ¢) Time-resolved

carrier dynamics at the A exciton under 2.30E; and 1.46E, excitation, measured for two samples

(Samples 1 and 2, respectively). The absorbed photon density was set to 3.2x10'? photons/cm? in (a)

and 3.0x10'2 photons/cm? in (c¢). (b, d) The maximum intensity of AA as a function of absorbed photon

density for various excitation energies from Sample 1 and Sample 2, respectively. (e) QY was

compared against pump energy, normalized by bandgap (Eg), across Sample 1 (b), Sample 2 (d) and

sample 3 (this work, see Figure 1d), highlighting the reproducibility of the CM effect.
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Figure S14. Inter-valley and intra-valley carrier multiplication process due to the valley

symmetries. (a) Schematic of orbital hybridization shown in the band structure of monolayer MoSe,.

For simplicity, we represent the three important orbitals |d,z), 2_y2> , and |dxy) near the Fermi
level in the vicinity of K and K’ points. |d,2_,2) and |dy,) (in blue) are hybridized through
coupling with their counterparts in neighboring cells (in sky blue), forming the bonding and
antibonding levels. This positions the |d,z) level near the middle of the bonding and antibonding
levels. b, An example of the intra-valley CM channel. ¢, Schematic of the time-reversal operator T
and the local inversions operator at K (or equivalently K') 7, "y The two blue and one black bands
correspond respectively to the bonding, antibonding, and |d,z) levels in (a). (d, e) Inter-valley CM
channels. For the intra-valley CM channel comprising (I, I,, F;, F,) in (c¢), one inter-valley CM
channel in (d) is generated by applying the 7 and 7, operators to I, and F,. Another inter-valley
CM channel in (e) is generated by applying these two operators to I, and F;. Solid and dotted arrows

represent direct and exchange processes, respectively.
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Figure S15. Schematic illustration of the generalized Bang-Kang approach. (a) Tested channels
to transfer energy-momentum from the first carrier to the second. The gray arrows represent energy-
momentum vectors with initial state Iy. The energy gap size is described by the red double arrows.
We only tested energy-momentum vectors with energy larger than the energy gap, E,. The dashed
empty circle indicates the position of the resultant hole. (b) For a given energy-momentum vector, we
shift the valence band in the opposite direction of the energy-momentum vector shown in a, as depicted
by the blue band. (¢) CM intensity can be efficiently evaluated by counting the density of the crossing
states between the (blue) shifted valence and the (black) conduction bands. The green double arrow

indicates the direct gap. Red solid circles indicate the positions of the multiplied electrons.
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Figure S16. CM calculations for monolayer MoSe; at 2E; excitation. (a) Band structure of
monolayer MoSe; along the high-symmetry lines of the Brillouin zone (BZ) shown in (d). The direct
band-gap E, at K is highlighted by a green double arrow. (b) Crossing points between the 2E,
shited valence bands (yellow) and the conduction bands. The intensity is contributed by function

6(hw — EnI1 (k11) + Em(k,l)), which models a Gaussian function with a FWHM of 79.5 meV. The

magnitude of 2E, is shown by orange arrows. (¢) Calculated CM efficiency for the monolayer bands.

The thickness of the lines scales with the contribution of CM. (d) The BZ, with high-symmetry lines
highlighted red.
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Figure S17. CM calculations for bulk MoSe; at 2E, excitation. (a) Band structure of bulk MoSe:
along the high-symmetry line of the hexagonal BZ shown in (d). The indirect band gap E,4 in the

K — T line is indicated by a green double arrow. (b) Crossing points between the 2E, shifted valence
bands (yellow) and the conduction bands. The intensity is contributed from the function §(hw —
En, (k11) + Em(kll)), which models a Gaussian function with the FWHM of 50.6 meV. The size of
2E, is highlighted by orange arrows. (¢) Calculated CM efficiency for the bluk bands along the high-
symmetry lines. The thickness of lines scales with the contribution of CM. (d) BZ with the high-

symmetry lines colored red.
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Figure S18. Creation of hole in valance bands by 2E, excitation of electrons. The exemplary hole and

electron are marked with blue and orange circles, respectively. The pristine band structure is shown
with the black lines, while the red lines depict the energy-shifted valence bands. Possible excitation
channels are colored in red on the conduction bands. The gray-shaded region corresponds to

the ’forbidden zone’, where a valance band hole cannot contribute to the ideal CM process.
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Figure S19. (a) Schematic of femtosecond spatiotemporal transient absorption microscopy (TAM).
The probe is positioned at the center of the sample and scans transient absorption as a function of
pump-probe distance and delay. (b) Spatial carrier distribution of monolayer (top) and bulk MoSe»
(bottom) visualized by TAM. The carrier diffusion dynamics are represented through pseudo-color
maps. (¢) Pump-probe distance profiles of transient absorption (AA) for the monolayer (top) and bulk
(bottom) at various time delays. Gaussian fitting of the spatial profiles (solid lines) was performed
across the entire time delay range to extract detailed diffusion behavior over time (see Note 7 in the

Supporting Information).
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Figure S20. Diffusion coefficient comparison between monolayer and bulk MoSe;. The temporal
evolution of the squared width broadening (ASWD) was monitored for both the monolayer (red) and
bulk (black). The diffusion coefficients were determined by performing linear fits (solid lines) to the

data in the corresponding time regimes.
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Figure S21. Evaluation of ballistic transport in monolayer MoSe;. The temporal evolution of the

square width distribution (SWD) in the monolayer is represented by open circles. To assess ballistic

transport, the data was fitted using a power function with a transport exponent. This fitting was

conducted meticulously at each time delay, starting from negative delay times. The obtained transport

exponent as function of time delay as well as fitting error are presented in Figure 3c.
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Table S2. Monolayer MoSe; absorbed photon density (APD) calculation

APD
Energy Wavelength Before pinhole After pinhole )
Absorption | (photons /
(eV) (nm) (nJ) (nJ)
cm? / nJ)
3.54 350 22.2 2.25 0.13 5.23x101
3.26 380 100 20.00 0.11 9.81x10"
3.18 390 150 25.00 0.11 8.40x10"
3.10 400 60 17.50 0.11 1.50x10"2
3.18 410 27 2.50 0.11 4.65x10"
2.48 500 36 20.00 0.12 3.91x10"?
2.25 550 23 8.70 0.08 1.84x10"2
2.07 600 128 18.00 0.05 4.93x10"
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Table S3. Bulk MoSe; APD calculation

Before After APD
Energy Wavelength

pinhole pinhole Absorption (photons / cm?

(eV) (nm)
(nJ) (nJ) /n])

3.54 350 100 15.00 0.49 2.92x10"?
3.35 370 102 21.10 0.48 4.17x1012
3.06 405 100 25.00 0.52 5.96x10'?
2.76 450 105 11.00 0.52 2.78x10'2
2.64 470 103 10.45 0.51 2.78x10'2
2.58 480 103 14.72 0.51 3.99x10'?
2.53 490 102 22.00 0.51 6.17x10'?
2.48 500 102 10.40 0.50 2.91x10"?
2.43 510 104 9.60 0.49 2.61x10'?
2.38 520 101 13.10 0.47 3.62x10'?
2.25 550 100 9.50 0.42 2.48x10'?
2.07 600 100 6.40 0.34 1.47x10'2
1.97 630 100 7.40 0.30 1.57x10'2
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Table S4. CM conversion efficiency

Material CM efficiency (%) Ref
PbS 44 34
PbS 40 35
PbSe (4.7 nm) 41 36
PbSe 3.12,7.49, 19.76, 28.29, 37.38, 35.75, 31.85, 34.90 87
PbSe 40 38,39
InP 30 40
InAs 35 4
oD Si (6.5 nm) 63 42
Si 99 43
Porous Si 96 43
FAPb 4,Sn,, ;15 87 44
FAPb, ,Sn .1, 73 44
FAPb, ¢,Sn | 1, 64 44
FAPbI, 40 4
CsPbl, 98 45
Si NR 61 42
PbSe NR 80 46
1D PbSe NR 70 47
PbSe NR 75 36
MoTe, 99 48
PbS NS (4 nm) 90 4
PbS NS (5.9 nm) 50 49
2D PbS NS (7 nm) 55 49
BP (2L) 93 28
BP (3L) 79 28
BP (4L) 71 28
PbS 29 30
PbSe 19 30
Ge 40 31
3D Ge 45 32
Si 57 31
Si 57 32

where NR indicates nanorod and NS is nanosheet.
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